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Water Absorption of Proteins.

III. Contribution of the Peptide Group?

By Epwarp F, MELLON, ALFRED H. KORN AND SAM R. Hoover

Theoretical considerations by several  work-
ers*A have established a number of correlations
between the number of polar groups in certain
proteins and the amount of water absorbed by
these proteins.  Most workers have based thesc
correlations on the possibility that the polar
groups form hydrogen bonds with water, and all of
them have based the correlation on the total num-
ber of the groups present. Recently “we® have
quantitatively determined the contribution of the
amino group to the water-absorbing power of
asein.  This study indicated that the amino
group, which constitutes less than 19, of the
weight of the casein molecule, is responsible for
about one quarter of the total water absorbed by
casein over the entire range between 6 and 939,
relative humidity.  The amount of water held
above 759, relative humidity is consistent with
the amount required for complete hydrogen bond-
ing of the water to the amino group. It scemed of
interest, therefore, to extend the quantitative
studies to other polar groups.

‘The most numerous polar group in proteins is
the peptide group, and its contribution to water
absorption has been variously reported.  Lloyd
and Phillips3 and Pauling® have concluded that
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the hydration of peptide groups would be slight7;
but Sponsler, Bath and Ellis* indicate a maximum
hydrogen-bonding capacity of four moles of water
per peptide group.  They, however, feel that space
restrictions and chain interactions would reduce
this figure to less than two. Since it is impractical
to modify the peptide groups of a protein to re-
duce their hydrogen-bonding capacity, we have
attempted to study a series of peptides with dif-
ferent numbers of peptide groups per molecule.
In order to simplify both the synthesis of the pep-
tides and the interpretation of the data, we have
limited this study to the glycine peptides. Except
for the terminal carboxyl and amino groups, these
peptides have no polar groups except the peptide
group and there are no side-chain groups to pre-
vent close packing and high chain interaction be-
tween the peptide groups.

Experimental

Preparation of Glycine Peptides. -—-Glyceylglycine was
prepared from glycine anhydride.® ‘Triglycine,? tetra-
glycine® and pentaglycine® were prepared by adding
chloroacetyl chloride to the next lower peptide and then
replacing the halogen by ammonolysis.  These four pep-
tides were each recrystallized twice from water by the ad-
dition of alcohol. Hexaglycine was prepared by alkaline
hydrolysist! of its methyl ester, which was prepared by

(7) White and Eyring (Textile Research J., 17, 523 (1947)) have
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the condensation of triglycinc;ncthyl ostpr.” The hexa-
glycine was recrystallized twice from dilute ammomum
hydroxide by evaporation of the anunonia.  The preapi-
tate was washed several times with water and once with
absolute alcohol. Benzoyltetraglycine was prepared by
dissolving 5.5 §- of tetraglycine in 8.5 ml. of normal
sodium hydroxide and  treating  this solution  slowly
with 3.5 ml. of benzoyl chloride in 50 ml. of dry cther.
Additional alkali was added to keep the solution basic.
The solution was acidified with hydrochloric acid, and
the precipitate was washed with water and ‘J:’;"',,. :xlm]m!‘
This crude matcerial was purified by dissolving in ulkqlx,
rcprccipitaling with hydrochloric acid, and washing v:'xlh
water until the supernatant contained no chloride ion.
The air-dried material weighed 1.8 g, These peptides
were analyzed  for nitrogen content by the }'\'](‘14!3111
method and for amino content by electrometric titration.
The analytical values found and calculated are given 1
‘Table I.
TapLe 1
ANALYSES OF GLYCINE PEPTIDES
Nitrogen, %°® NH:-N, 7%.*

Peptide Cualed. Found Calcd. Jound
Diglycine 21. A Y 10.6 10.6
Triglycine 22. 21.9. 7.3 7.4
Tetraglycine 22. 22.5 5.6 5.4
Pentaglycine 23. 23.0 4.6 1.8
Hexaglycine 23. 23.3 3. 3.9
Benzoyltetraglycine 16. 15.9 0.0 0.0

s Moisture-free basis.

Polyglycine-I was prepared by the method of Frankel
and Katchalski.?® Frec glycine methyl ester (200 %)
was dissolved .in 600 ml. of anhydrous cther, and the
solution was allowed to stand at room temperature for onc-
hundred thirty days. The precipitate was filtered off
and washed twice with dry cther (yield 120 g.). This
dry residue was repeatedly extracted with 500-ml. por-
tions of boiling water until biuret and picric acid tests on
the filtrate indicated that all soluble peptides and glycine
anhydride had been removed (about 8 times),  The ma-
terial was then filtered and dried over calcium chloride
(yield 17 g.). 1t contained 23.10% nitrogen and 1.23%
methoxyl, corresponding to 41 moles of nitrogen to one
mole of methoxyl and indicating an average chain length
of 41 glycine residues. The observed value for nitrogen
however, docs not satisfy the requirements for a poly-
glycine methyl ester of this chain length, and it is possible
that the Kjeldahl nitrogen analysis did not determine all
the nitrogen)present. On the basis of the methoxyl content
alone, the average peptide length should be 44 units long,
and the nitrogen content should be 24.3%. The insolu-
bility of the materials and the spurious results given by
glycine peptides in the Van Slyke amino nitrogen deter-
mination make it impossible to define the chain length of
these materials more accurately.  We do know that there
were no peptides shorter than hexaglycine and that no
glycine anhydride was present.

Polyglycine-I11 was prepared by the method of Pacsu
and Wilson.!2  Triglycine methyl ester hydrochloride (125
g.) was converted to the free ester with sodium methylate.
The free ester was isolated, and the cerystalline material
was heated at 101 =% 1° for sixty-two hours. The dry
esters (57 g.) were extracted with six 100-ml. portions of
hot methyl aleohol and ten 100:ml. portions of hot water.
The product was dried by sublimation of the water, giving
35 g. of the polyglycine methyl ester, This material
contained 23.33% nitrogen and 0917, methoxyl, cor-
responding to H4 moles of nitrogen and one mole of meth-
oxyl and indicating an average chain length of 54 glycine
residucs. . “The observed value for nitrogen does not satisfy
the requirement for a polypeptide ester of this chain
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length, probably for the same reason wiven for the poly-
glycine-I. On the basts of the methoxyl content alone
the average peptide Tength will he 50 units Jong and the
nitrogen content should be 23400

The Absorption Determination.—-About 2= quantitic
of the compounds to be studied were dried under a 29-in.
vacnum at 707 with a stream of dry air flowing through
the oven to remove the liberated moisture  The s;nnph’«,
were dry within fourteen hours. A subsequent drying
period of six hours demonstrated that an cquilibrium
dry weight had been attained.  The dried samples were
put into desiceators over saturated salt solutions, and
after evacuation to about 40 mim. pressure the desiceators
were submerged in o water-hath the temperature of which
was regulated to 30,0 = 0.1%. The sumples were re-
moved from the desiceators and weighed every three dayvs
until equilibrium was demonstrated, after which they were
removed to a higher humidity and the equilibration pro-
cedure was repeated. After the humidity studies were
completed o sample, it was redried to demonstrate the
constancy of the dry weight,  The salt solutions used
and other details of the procedure are deseribed fully in
the first paper of the series.?

Results and Discussion

Glycine, glycylglycine  and triglycine  have
shown a complete lack of absorption of water va-
por at all humidities up to 0139, relative humidity.
“This may be due to the complete utilization of the
hydrogen-bonding capacity of these molecules in
producing  their crystal “structure.  Frey and
Moore!* have recently reported adsorption studies
on glycine and leucine crystals.  The magnitude
of their adsorption, whicl appears 1o be a surface
phenomenon, is oo small to be measured by our
weighing  technique. Tetraglycine, however,
which gives a crystalline X-ray diagram'® similar
to that of the di- and tripeptides, shows (curve 2,
Fig. 1) a considerable absorption of water from
the vapor phase. In order to determine whether
this absorption was due to the terminal amino
groups in tetraglycine, we have made similar ab-
sorption studics on benzoyltetraglyeine, which
contains no free amino groups. This madterial has
a definite absorption (curve 1, Fig. 1), but it is
considerably less than the absorption of tetragly-
cine, indicating that the terminal amino group is
responsible for some of the water absorption hut
that the carboxyl or peptide groups also show sonie
affinity for water. :

Penta- and hexa-glycine, which are not so defi-
nitely erystalline as the shorter peptides but give
X-ray diagrams between those of the highly crys-
talline glycine and the amorphous polyglycines,'
absorb even more water vapor than the tetragly-
cine. The curve for hiexaglycine is given in Iig. 1,
and the curve for pentaglycine would be between
those for the tetra and hexa polymers. The fact
that these glycine polymers absorh more water
vapor as the number of glycine residues inereases
seems Lo be analogous to the merease of diclectric
inerement of these compounds with increase in the
number of glycine residucs demonstrated by Wy-
i and MceMecekin 't The jonization constants
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Fig. 1.—Sorption of glycine polymers: 1, benzoyltetru-
glycine; 2, tetraglycine; 3, hexaglycine; 4, polyglycine
esters. '

for both the carboxyl and amino groups are prac-
tically constant for the four-, five- and six-unit
peptides,'” and consequently we feel that the hy-
drogen-bonding capacity of these end-groups
* probably would also remain fairly constant. The
‘amount of water absorbed by these groups would
then be a function of the fraction of the total hy-
drogen-bonding capacity of these groups not re-
quired to maintain the crystal structure. This
fraction has not heen determinerd, and we are un-
able to show definitely whether the increased ab-
sorption with increase in peptide length is duc en-
tirely to the additional peptide groups or whether
it is due in part to the end-groups of the molecule,
The two non-crystalline' polyglycine esters
show almost identical absorption isotherms (Curve
4, Fig. 1), although they have considerably differ-
ent chain lengths. The amount of water absorbed
is much greater than that absorbed by hexagly-
cine, and on a molar basis (Table I1) is much more
than can be accounted for by the amino and ester
chain ends of the molecule.” The peptide groups
must be responsible, thercefore, for most of the
water absorbed by these polyglycine  esters.
These materials are polypeptide chains similar to
the backbone chains of the proteins, and they dif-
fer from the natural peptide chains only in their
shortness and lack of side groups from the alpha
carbons. - We conclude, therefore, that the pep-
tide chain of proteins is responsible for alarge por-
tion of the vapor-phase water absorption of pro-
teins.  Inan attempt to determine the magnitude
of this effeet; we have compared (Table HT) the
water absorption of several proteins af 60, reli-

- tive humidity. The nitrogen content of these ma-
terials has heen divided according to Chibnall'®
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into two parts—the nitrogen in the backbone
chain and the nitrogen in the side groups. The
i roportional f G b5 100 6 of the proten
the backbone chain.  The water zleor}?(:;np:'Irl
gram of nitrogen in the chain, therefore, exXpresses
the relation of the total absorption (regardless nhf
site) to the number of peptide groups present in
the various proteins,  Ellis and Bath' have shown
by infrared absorption spectra that the imino
groups of the peptide bond are involved i the ab-
sorption of water by gelatin, and Dole has re-
cently shown that in certain of the clastic nylons
where all the hydrogens of the imino nitm;;cné
have been replaced by alkyl radicals, there is still
an appreciable water absorption which presums-
ably is duc to the carbonyl groups.  Our data o
not enable us to distinguish between the absorp-
tions of the imino and carbonyl groups, and we do
not wish to imply by the basis of our comparison
that only the imino nitrogen is involved but
rather that the nitrogen content of the chain is a
measure of the number of peptide groups.

TanLe 11

WATER SORPTION PER MOLE Y GLycINe PEpTIDES

Relative

humidity, ~~——Water absorbed, moles/mole of peptide ———
A a 4B% 64 62 44¢

504
5.9 0.19 0.06 0.23 0.3 ..
11.8 .24 L08R .28 .41 4.1
31.4 .08 .16 .45 .63 0.
50.9 A8 .25 .H8 .82 12.8
75.1 .63 .40 T8 114 19.2
83.6 .72 A4 R8T 1.8 22.1
03.3 88 .7 104 1.67 28.2
@ Number of glycine residues per molecule. ¢ Benzoyl
tetraglycine.  © Polyglycine I.  Molecular weight is 2500,
4 Polyglycine I1.  Molecular weight is 3400,
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TAnLe 111
SORPTION AND PEPTIDE NITROGEN
Nin Sorption at 60%, K. 1.
side ®./%.
Protein groups, % Yo (chain)
Nylon 12.3 0.00 4.1 0.33
Silk 18.5 0.22 8.9 .48
Polyglycine 24.4 0.00 10.9 5
Zcein 12.6 3.53 8.0 .64
Casein 12.2 3.56 11. .97
lenzoyl cascin 12.2" 3.56° 9.5° .78
“g./100 g. dry weight. * These values are calculated
on the basis of 100 g. of dry cascin which has its lysine
epsilon amino groups benzoylated and thus not available
for absorbing water.

N in

chain, %,

Unoriented nylon, which resembles the proteins
and polyglycine peptides in that it contains pep-
tide-like linkages, shows an absorption per peptide
yroup which is only about 70%, of the value shown
by silk and the polyglycines. This difference, how
ever, could casily be explained by the presence of
307 of the material in a crystalline state. Crys-

(19) Ellis and Bath, J. Chem. Phys., 6, 723 (1038).
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September, 1047,




talline nylon may differ greatly from crystalline
protcins because of the lc_ngth of the hydrocarbon
chain between the peptide groups. Bunn and
Garner?! have recently described the erystal struc-
ture of nylon as a scrics of sheets of molecules.
The individual chains are held together by hydro-
gen bonding in the sheets, and only van der Waals
forces appear to be active between the sheets.
Such a closely packed structure should make the
peptide bonds quite unavailable to water vapor,
and it would appear that even the most highly
crystallized nylons must have considerable amor-
phous regions to explain their water absorption.

Silk, which is a protein containing a predomi-
nance (75%) of thesimple amino acids, glycine and
alanine, and only a small number of polar side
chains, has an absorption per peptide link almost
identical with that shown by our polyglycine
molecules. Most other proteins show a somewhat
higher value, owing to their polar groups and pos-
sibly to the more open structure produced by their
side chains.?? Senti® has given a good representa-
tion of the manner in which side chains modify the
structure and packing of polypeptide chains.
Zcin® and casein, both of which contain a rela-
tively large number of polar side chains, show cor-
respondingly higher water absorptions per pep-
tide group. If the absorption due to the epsilon
amino groups of lysine is subtracted from the ab-
sorption by cascin, the value obtained is much
nearer that for zein, which contains only a trace of
lysine.

If we consider the 0.45 g. of water per gram of
chain nitrogen absorbed by the polyglycine esters
(Table I1I) as the absorption of a bare peptide
chain (including the chain ends) at 60% relative
humidity, then the peptide groups in cascin would
be responsible for about 46% of the total water
absorbed by cascin. This contribution of the
peptide linkage is a relatively constant proportion
of the total sorption throughout the whole range
of relative humidity, 45 = 3%. The comparison
would therefore be the same at other humidities;
60% R.H. was chosen for convenience. Since we
have previously attributed® about 25% of the ab-
sorption by cascin to the amino group, only about
30Y% of the vapor-phase water absorption by
casein remains unaccounted for. By a similar cal-
culation, about 709 of the vapor-phase water ab-
sorption of zcin can be attributed to the peptide
groups present.

Since the vapor-phase water absorption of poly-
glycine polymers can be used as above to approxi-
mate the water held by the peptide chain in the
proteins and other polypeptides, it is desirable to
be able to interpolate and extrapolate our experi-

(21) Bunn and Garner, Proc. Roy. Soc. (London), A189, 39 68
(1947).

(22) We have shown experimentally that the degree of crystallinity
of 8ilk and ovalbumin does not uffect the water ubsorption markedly.
‘Fhese results are being prepared for publication.

(23) Seuti, Am. Dyestuff Reporter, 36, 230 (1947).
(24) 25° duta of Bull, Tuis Jouxnat, 66, 1400 (1044).
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Fig. 2.—Water absorption of peptides and proteins at
30°: 1, polyglycine ester IT; 2, silk fibroin; 3, polyglycine
ester I (ordinate increased by 0.1 units); 4, zein (Bull’s
25° data); 5, e-amino-benzoylated cascin; 6, cascin.

“mental values to give accurate values at other rela-

tive humidities. The empirical plot shown in Fig.
2 was developed by graphical analysis of our data.
It is extremely useful in interpolating absorption
data at humidities from 30 to 80%. When the
logarithm of the absorption value is plotted against
the relative humidity, a straight line is obtained
between 30 and $0%, relative humidity for most
proteins.  With some proteins and peptides, the
lincar region appears to extend beyond 93% relative
humidity, and, therefore, may give a reasonable
extrapolation to 1009, relative humidity. Our
two polyglycine molecules and our e-amino ben-
zoylated cascin give curves capable of this ex-
trapolation to 1009 relative humidity. Silk fibroin
and cascin show some deviation from the straight
line above 909, relative humidity, but a curvilinear
extrapolation to 1009, relative humidity can be
made with only a moderate increase in the crror
of theresult. ‘This system of extrapolation appears
to be superior to that used by Bull.?

The curves of Fig. 2 have been plotted with the
absorption shown in grams of water per gram of
nitrogen in the backbone chain as a convenicnee
for further calculation. Any unit for measuring
the absorption and any measure of the vapor
pressure of water present can be used to give this
type of curve. The equation of the straight line
portion of the curves can readily be calculated.
The slopes and intercepts for the various preteins
are given in Table IV,




TanLe IV
Consrairs” vor EQuation Lo R = AN -+ B3 AND THi
AnsorpTioN VALun (R) IN SATurRaTED WATER VAPOR
RA nt

saturation
0.87
0.83
1.08°

B4
0.202
.201
251

376

Protein A
0.00736
00720
00723
00736
Casein 00743 640 2.46°
e-Amino free cascein 00748 438 .h4
a @ == g.-1,0/g.-Ninchain; [T = 7, relative humidity.
6 By curvilincar extrapolation.

Polyglycine I
Polyglycine 11
Silk

Zein

The extrapolated intercepts at zero relative
humidity are probably related to absorption of
water at low humiditics, which is more firmly held
than that absorbed at higher humidities.  These
intercepts are strictly empirical, for the logarith-
mic function approaches minus infinity as the sorp-
tion approaches zero.  The intercept does increase
with increase in the number of polar groups in the
side chains of the proteins, but the correlation at
present does not scem to be quantitative.  This
1s to be expeceted, since all polar groups do not
have the same type of absorption, and thercfore
the sum of their absorption values will depend
more on the relative proportion of each polar
" group than on the total number of polar groups.
This indicates the need for detailed knowledge of
the water-absorbing properties of each polar
group in the proteins.

The slopes of these lines are remarkably con-
stant when we consider that o number of different
grroups must contribute to the total water absorp-
tion value. This fact indicates that all the water
absorbed in this humidity region is held by hydro-
gen bonds of about the same strength. The line
for nylon (not shown) has a much greater slope
than that for the proteins, thus emphasizing the
difference between nylon and the polypeptides al-
ready shown in Table 111 and the previous dis-
cussion.

Table V shows the B.ET. constants®® caleu-
lated from the data for the polyglycines and pro-
teins discussed above.  The value for Vi, which
corresponds to the amount absorbed in a mono-
layer, 15 considerably less than one mole of water
per mole of peptide nitrogen even though we know
this value includes the water which 1s held on
other polar groups of the molecule.

The correlation between the amount absorbed
in a monolayer as calculated by the BUET. treat-
ment and the extrapolated intereept to zero rela-

(25) Brunauer, Emmett and Teller, Fi1s Journat, 60, 300 (193%).

TapLe V
B. E. T. Constants COMPARED WITHH THE INTERCEPTS OF
THE SEMILOG PLoTs

Intercepts
of semilog

s .};f}ui;;hl l‘ig(f)!:-;
Ve Eab RL ROIT

0.160 0.124 0.678 0.78
L1549 24656 .78
184 139,739 .76
.247 185 1.01 .75

BOET.

constants 0% R. .
inte

Protein ""{/C,:"'/

1.55
1.51
1
1

Polyglycine |

Polyglycine 11

Silk fibroin

Zcein

e-Aminohenzoyl-
ated casein

Casein

L2977 1.27 214
L3630 1,57 .270

4 Moles of water per mole of peptide nitrogen.
per mole.

1.20 .72
1.49 .74
b Keal,

tive humidity given by our isotherm is remarkable.
The intercept value is about three quarters of the
B.E.T. monolayer value in each case, and our ex-
trapolated isotherms give values equivalent to
the B.E.ST. monolayer at about 15-197%, R.H.
‘This humidity is just slightly lower than the
humidity at which the materials have absorbed
water equivalent to the BUET. monolayer.

None of the previously developed theories ap-
plics to our empirical isotherm, but the applica-
bility of this isotherm and its physical significance
are being investigated.

Summary

The vapor-phase water absorption of glycine
peptides from two to six units in length has been
determined, and the values show clearly that
non-hygroscopic amino acids may give hygroscopic
peptides.

Polyglycine peptides of longer chain length
show that the peptide linkage must be responsible
for most of the water absorption by these materi-
als.

Comparison of the absorption of the polyglycine
peptides with the absorption of proteins indicates
that the absorption of the peptide chain backbone
is probably of the same magnitude, if not identical,
for all long-chain polypeptides and proteins.

Peptide groups appear to be responsible for
about 45%, of the vapor-phase water absorption
by cascin and 707, of the absorption by zein at
60, relative humidity.

A new absorption isotherm for the high humid-
ity range has been presented which permits a
linear interpolation between 30 and 807, relative
hwmidity for all proteins and a further Iincar ex-
trapolation to 1005, relative humidity in a few
special cases.
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